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GAS  DYNAMIC  CONTROL  OF  SPACE  VEHICLE  NOVBN  ENT  ET  BANK  IN  THE 
1THOSPHBSB 


R.  V.  Studnev  (OSSR) 


At  present  one  of  the  urgent  problaas  is  that  of  control  of  a 
space  vehicle,  possessirg  aerodynaiic  quality,  during  reentry.  In  a 
whole  series  of  works  there  is  being  exaained  ataospheric  entry  with 
vehicle  balanced  at  constant  angle  of  attack,  trajectory  control  of 
which  is  accoaplished  by  change  of  the  angle  of  bank  [1,  2].  In 
connection  with  this  appears  the  problea  of  evaluation  of  the  dynaaic 
possibilities  of  aoveaent  of  a space  vehicle  relative  to  the  center 
of  aass  with  coapensaticn  of  disturbances  in  teras  of  angles  of 
attack  and  slip  (a,  8),  and  also  with  control  of  bank  angle.  There  is 
known  a whole  series  of  works,  dedicated  to  the  analysis  of  optiaua 
control  of  orientation  cf  the  space  vehicle  during  aoveaent  in  a void 
[3-6].  The  aajority  of  these  probleas  was  solved  with  the  use  of  the 
principle  of  Pontryagin  naxiaua  [7,  8].  Below,  on  the  basis  of  the 
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aaxinua  principle,  in  siaplified  fora  is  solved  a siailar  problea  of 
optiaua  control  of  orientation  of  a space  vehicle  in  the  ataosphere, 
which  is  soaewhat  coaplicated  in  ccaparison  with  the  problems  of 
■otion  in  a void  because  of  the  necessity  of  considering  the 
aerodynaaic  aoaents  of  stability  of  the  vehicle. 


1.  Control  of  notion  of  space  vehicle  relative  to  center  of  aass 
during  ataospheric  entry. 


He  will  ezaaine  aoveaent  of  a space  vehicle  relative  to  the 
center  of  aass  in  approxiaate  formulation,  disregarding  the 
interference  with  aoveaent  of  the  center  of  aass.  Ve  will  also 
consider  that  during  the  execution  of  bank  turns  and  coapensation  of 
deviations  with  respect  to  « and  0 the  paraaeters  of  notion  of  the 
vehicle  (7,  g)  are  not  substantially  changed  and  equations  of  notion 
can  be  considered  as  equations  with  •frozen"  coefficients.  Finally, 
we  will  consider  the  aoticn  of  the  space  vehicle  relative  to  th® 
center  of  aass  sufficiently  slow,  so  that  in  equations  of  notion  the 
nonlinear  terns  of  type  wy«.,  p»,  etc.,  could  be  disregarded. ''with 
the  noted  assuaptions  the  equations,  recorded  in  the  principal 
central  axes  of  inertia  (OX|T,Zt)  (Fig.  1),  will  have  the  fora: 


4 


DOC  * 1814  PICE  3 


«*>,  =.  + u„ 

"f“  My, 

0>x,  = A/Jp  + M„ 


*+  «*. 

p = coaa,-«„-J-  sina,!*,, 
T =*  co#a,«,  — sinaty-Wy, 


(1.1) 

(1.2) 


•here  «s  - balanced  angle  of  attack  of  space  vehicle  (a0=const) ; 
u,.  Uy,  ut  - sonants  fron  the  controls,  pertaining  to  corresponding 
aoaents  of  inertia. 


In  equations  (1.1)  and  (1.2)  are  preserved  only  the  aoaents  of 
aerodynaaic  stability  of  the  vehicle,  since  at  hypersonic  speeds  the 
effect  of  aerodynaaic  daaping  can  be  disregarded.  Proa  (1.1)  and 
(1.2)  it  follows  that  the  equations  of  three-diaensional  notion  of 
the  space  vehicle  are  divided  into  equations  of  longitudinal  (1.1) 
and  lateral  (1.2)  notions  and  they  can  oe  investigated  separately. 

Let  us  exanine  the  equations  cf  lateral  action  of  a space 


.At. 
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vehicle  (1.2).  Let  as  ccnvert  these  equations  sc  as  to  separate  the 
■otion  of  the  vehicle  in  teres  of  bank  (rotation  around  velocity 
vector  7)  and  yaw  (angle  8).  Let  us  aultiply  the  first  and  second 
equations  (1.2)  respectively  by  cos  «•  and  sin  a0  and  having 
sunnarized,  we  obtain  tbe  equation  for  6*.  and  after  their 
nultiplication  respectively  by  (-sin  aa|  and  cos  aa  and  su  neat  ion  - 
the  equation  for 


Let  us  exaeine  the  selection  cf  controls  u»<  at  ehich  u,  and 

u ♦ are  independent.  This  can  be  achieved  either  by  coordinated 
deflection  of  aerodynanic  controls  («»,  u^,  or  by  special  orientation 
of  coptrol  jet  engines  with  gas-dynaaic  control  of  the  vehicle. 

Let  us  explain  how  it  is  necessary  to  set  the  control  jet 
engines  on  the  vehicle,  so  that  one  pair  would  create  only  nonent 
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m».  and  the  other  - only  acaent  u+. 

The  control  jet  engine  with  thrust  Pi,  the  vector  of  which  is 
arranged  in  a plane,  parallel  with  plane  OY,Z,,  installed  on  the 
stern  of  the  vehicle  at  angle  #,  to  axis  OZ,,  creates  adjusted 
aoaents  relative  to  axes  OX,  and  0Y,t  determined  by  formulas  (Fig.  2) 

(17) 

* • • 

where  1„  t,  - distance  of  one  controlled  jet  engine  to  axes  OX,  and 
OI,  respectively;  /«,  /,  - principal  aoaents  of  inertia  of  the  space 
vehicle  relative  to  axes  CX,  and  OX,. 


Let  us  select  the  setting  angle  of  the  control  jet  engine  *, 
froa  the  condition  that  at  Px+0.  By  placing  expressions  (1.7) 

ia  relations  (1.6)  and  eqoating  the  first  relation  of  (1.6)  to  zero, 
we  obtain  the  condition  for  *,  in  the  fora 
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l«a*)-  (*•*) 
with  such  selection  of  #,  equation  k*  is  deternined  by  fornula 


«♦ 


ZPlly 1 

’*  .0.-/1+ (gft,*)1' 


(1.9) 


In  a particular  case,  when  IJJIJ,  = 1.  the  expression  for  u+  is 
sinplified . 


<*♦- 


(110) 


Analogously  fron  condition  ur  = 0 is  found  orientation  of  the 
control  jet  engines  of  the  second  pair  (fig.  2) : 


?i  = 


(111) 


Fron  (1.8)  and  (1.11)  it  follows  that  ganerally  the  control  jet 
engines  are  oriented  not  orthogonally  to  each  other,  but  sake  up 
angle  4t  - 4t,  tha  tangent  cf  which  13  found  by  fornula 


•f  (f.-«r.)  = 


(1.12) 


lith  IJJU  /,  -•  1 the  control  jet  engines,  creating  nonents  and 
«<+,  are  orthogonal  [ (♦»  - ♦ 2)  * 80°].  In  Pig.  3 ns  an  exanple  is 
constructed  the  dependence  cf  - **)  on  IJJIJ,  for  a0  * 30°. 


adb*. 


wm  ■ 


Analogous  conversions  can  be  performed  during  the  analysis  of 
aerodynamic  control.  It  is  easy  to  show  that  fcr  control  of  yaw  (u*) 
aoaents  «»  and  «,  shoald  be  connected  by  relationship 

»«K-  »*<*•.  **  (113> 

in  this  case 

- • <u4> 

For  control  of  bank  we  cbtain  that  and  u*  should  be  connected  by 

relationship 

I 

j 

| 

in  this  case 

<**«> 

For  convenience  of  analysis  and  tha  obtaining  of  sore  general 
results  let  us  convert  eguations  tc  diaensicnless  fora.  Let  us 
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introduce  diaensionless  tine  r with  the  cid  of  relationship 


dx  =»  y~—  adds. 


(i.17) 


Let  us  change  the  scales  of  independent  variables,  considering 
limitations  on  control  u+  and  u. 


KKItW.  KKICM, 


(U8) 


for  which  let  us  introduce  the  following  designations: 


TO' 


T(— V 

TO-' 


“TO-1 
_Q.V=* 
= "TO~’ 


Taking  into  account  designations  (1.19)  the  equations  of  aotion  take 
the  fora: 

^'  = 5*.  |«*|<i;  .<«•») 

r=ffT.|8r|<1.  <12i> 

Let  us  turn  now  to  analysis  of  the  optiaua  control  of  the  space 
vehicle  with  the  use  of  equations  (1.20)  and  (1.21). 


2.  Investigation  of  the  fora  of  p-tra jectories. 
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IB  accordance  with  the  principal  of  Pontryagin  naxinua  [7,  8]  let  us 
coapile  function 

H = - p&  + - p»0*  + p^3  + Pi«y  + p«0».  (2.1)’- 

Let  us  write  out  the  tecas  of  functions  H,  containing  control: 

p,u+  + p,ut.  - (2.2) 

Proa  the  condition  of  aaxiaua  of  8 with  respect  to  w,  it  follows 
that  controls  u*  and  o,  are  Bayleigh  functions,  deternined  froa 
condition 

“♦  *=  sign  p„  uT  = sign  pt,  (|  0+ 1 = | uT  | =»  1).  (2.3) 

For  finding  the  optiaun  control  it  is  necessary  to  find  the 
solution  of  systea  of  ccn jugate  equations  pt’  = —dH/dX,. 

Let  us  conpile  a systea  of  conjugate  eguations  and  exaaine  the 
possible  f oras  of  solution  of  this  systea.  Conjugate  equations  have 
the  following  fora: 

Pi- -ft.  Pi  - ft  - P»<; 

Pi  * - P«.  Pi  ” 0. 

Equations  for  P;  and  Pt’  are  easily  integrated: 


(2-4) 

(2.5) 
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P*  - - ««*  + e„  />«  - c«.  (2.6) 

Proa  solution  of  (2.6)  for  />,( t)  and  condition  (2.3)  it  follows  that 
generally  control  aT  can  change  sign  not  acre  than  once. 

Conjugate  variables  pt,  ...»  p4  are  deternined  taking  into 
account  boundary  conditions,  imposed  on  the  actual  variables.  In  view 
of  the  linearity  of  conjugate  equations  and  the  Rayleigh  character  of 
control  functions  the  conjugate  variables  are  deternined  with 
accuracy  to  an  arbitrary  constant  nultiplier.  In  connection  with  this 
fron  (2.4)  it  follows  that  the  type  of  solution  for  pt  and  p2  does 
tot  depend  on  coefficient  a;,  since  change  of  this  coefficient  is 
equivalent  to  change  of  the  scale  of  variable  p,.  Only  the  solution 
for  actual  variables  depends  on  the  coefficient  o;  . 

Let  us  exanine  in  aore  detail  the  solution  for  conjugate 
variables  pt,  p2.  Considering  the  fora  of  the  relation  for  p3(-r), 
with  the  aid  of  conversion  cf  variables 

Pi**  Pi  — eA  + . Pt  — Pi  — (2-7) 


we  obtain  the  equations  for  p,  and  pt,  which  are  easily  integrated: 
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The  solution  of  this  syctea  of  equations  on  phase  plane  fxft  is  a 
faaily  of  concentric  circuaferences  (Fig.  4(  a). 


Fig.  4. 


For  analysis  of  optiaua  control  it  is  necessary  to  exaaine  the 
change  in  tine  only  of  function  pt  (r)  (values  of  function  p2  are 
unessential).  Froa  relations  (2.7)  and  (2.8)  it  follows  that  change 
of  variables  pt  and  p2  cn  the  phase  plane  can  be  represented  as  the 
result  of  two  aoveaents:  aoveaent  cf  syabolic  point  along  the 
circuaferance  and  displaceaent  of  the  circuaference  (Pig.  4,  b).  The 
possible  types  of  such  curves  are  illustrated  by  Fig.  5. 
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Let  us  note  some  properties  of  the  obtained  solutions  for  conjugate 
variables  (p15  p2).  It  is  possible  to  show  that  phase  curves  are 
symmetric  relative  to  axis  p^=const,  passing  through  the  points,  in 
which  dp,/dp,  = 0. 

In  order  to  prove  this,  let.  as  examine  the  projections  of  the 
velocity  of  symbolic  point  to  vertical  (Op,)  and  horizontal  (0Pt) 
axes.  These  projections  are  oqaal  to  (Fig.  6): 

- Rcoav  + y,  s inf.  (2.») 

where  B - radios  of  cir conference  cf  p-tra jectory;  2a/T  - rate  of 
displacesent  of  the  center  of  circosf erence. 
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Using  the  expressions  for  projections  of  velocity  V„  and  v„ 

»«  obtain  derivative  dPl/dPt: 

Asia  f * (2.10) 

Proa  (2.10)  it  follows  that  derivatives  aPt/aPt  with  values  of  # 
equal  in  value,  but  different  in  sign,  have  different  values  and  are 
different  in  sign.  In  particular,  derivative  aPl/aPl  is  changed  into 
zero  with  value  of  #.  deterained  froa  relation 

9-i.rcco,^,  <2.i|) 

and  approaches  infinity  with  4 = 0 and  4 - 180®.  Such  character  of 
change  of  derivatives  indicates  the  fact  that  the  phase  curve  has 
axis  of  synaetry,  corresponding  to  angle  4 ■ 0. 


The  tine  of  notion  of  aynbolic  point  between  the  points  of 
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contact  of  phase  carve  with  generatrix  p2  * const  is  egaal  to  the 
period  of  revolution  of  the  point  along  the  circuaference  (i.e.  2v)  , 
and  the  distance  between  the  points  of  contact  is  identical  for  both 
generatrices  (Fig.  5,  b) . 

In  the  region*  where  the  direction  of  aotion  along  the 
circuaference  and  displaceaent  of  the  center  of  circuaference  are 
opposite*  the  phase  curve  pt(p2)  can  have  a loop.  In  the  case  where 
the  speed  of  displaceaent  of  the  center  of  the  circuaference  is 
greater  than  the  speed  cf  action  of  the  syabclic  point  along  the 
circuaference*  the  loop  on  the  phase  trajectory  disappears. 

j 

Let  us  estiaate  the  tiae  of  aotion  of  syabclic  point  along  the 
loop  (see  Fig.  6).  It  can  be  found  froa  the  condition  of  equality  of 
tiae  rt  of  aotion  of  syibolic  point  along  the  arc  of  circuaference 
and  tiae  r*  of  progressive  notion  of  the  point  syaaetr ically  located 
on  the  circuaference. 


He  have: 


- 2q>». 


« 


(2.12) 


Froa  the  condition  rt  * rM  we  obtain  the  relationship  for 
finding  the  radius  of  circuaference  I = Ba  vith  assigned  values  of 


J 


and  T: 
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H 


2*  i 

r ifi** 


(2.13) 


3.  Analysis  of  control  of  space  vehicle  by  bank,  optimum  with 
respect  to  quick  action. 


Let  us  turn  to  the  analysis  of  the  optimum  control  of  space 
vehicle  by  bank.  le  will  examine  motion  of  the  vehicle  relative  to 
the  center  of  mass  on  phase  planes  and  yS^.  Prom  equations  of 

notion  (1.20)  it  follows  that  with  the  appropriate  selection  of 
controls  the  yaw  motion  of  the  space  vehicle  does  not  depend  on  its 
bank  notion  and  can  be  analyzed  separately. 

Let  us  exanine  yaw  notion  of  the  vehicle: 

-p  + a*.  p'-ff*.  (3.1) 

lith  a*  = o notion  of  the  vehicle  on  phase  plane  j$2*  is  represented 
in  the  forn  of  a circunference  with  center  at  point  0.  The  radius  of 
circunfecence  depends  on  the  initial  conditions  #(0)  and 
fi*  (0):  7?  — /p (0)*  + Qj (0).  The  synbolic  point  is  displaced  along  the 
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circuaferance  in  the  clockwise  direction  of  notion,  completing  a full 
revolution  daring  7.  = 2*.  notion  of  the  space  vehicle  with  Rayleigh 
control  £*=*±1  in  represented  on  the  phase  plane  of  the 
circuaferance,  shifted  along  axis  0$  by  ♦ 1 and  -1  respectively  (Pig. 


a 

m 

'^P332S| 

/H  IV 

1 

Pig.  7. 


Bank  notion  of  the  vehicle  (y)  generally,  when  <^  + 0,  depends  on 
its  yaw  notion  and  on  control 

q;  = ^-;-ut,?=5t.  (3-2) 

In  the  case  when  {T  ==  0,  bank  notion  of  the  space  vehicle  on 
phase  plane  is  described  by  parabola  with  ur=j=o  or  »»7  straight  line 
(2,  = const  with  uy  =*  0 (Fig.  7,  b)  . 

Let  us  exaaine  the  problea  about  control  of  the  space  vehicle, 
optinua  with  respect  to  quick  action,  at  zero  initial  conditions  with 
respect  to  entire  variable 


- :~L 


- -ac • 
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& (0)  =-  Q*  (0)  - Q,  (0)  = 0.  r (0)  - 0.  (3.3) 

providing  tarn  of  the  vehicle  to  angle  ,r.  in  nininan  tine  T and 
redaction  of  it  at  the  end  cf  the  turn  to  zero  conditions 

? (T»  5* (T)  - 5t  (D  - 0,  r ( T ) - T**  (3.4) 

Sach  a systen  of  boundary  conditions  nust  be  satisfied,  by  analyzing 
the  joint  solution  of  equations  of  uotion  (3.1)  and  (3.2)  with 
Rayleigh  control  a*  and  Oy.  deter  lined  taking  into  account  the 
solutions  of  the  systen  of  conjugate  equaticns  (2.4)  and  (2.5). 

Pros  conditions  of  optiaality  it  follows  that  control  £7*  - is 
linear#  daterninel  by  change  of  the  signs  of  conjugate  functions 
J*,(t).  Pron  Pig.  5 it  follows  that  function  pt  (r)  can  have  either  two 
sections  with  different  signs  (Pig.  5,  c)  (two-pulse  control),  or 
four  sections  with  different  signs  (four-pulse  control)  (Pig.  5,  a, 
b)  . Three  sections  with  different  signs  are  also  possible. 

Let  us  ezaaine  synnetric  control  of  the  space  vehicle  with 
respect  to  bank  and  yaw.  Prca  analysis  of  the  actual  notion  by  the 
vehicle  alcng  angle  fi  it  follows  that  for  satisfaction  of  boundary 
conditions  (3.3)  and  (3.4),  when  T is  not  a nultiple  of  2r,  the 
application  of  sore  than  twc  pulses  is  necessary. 
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Pig.  8 shows  an  exaaple  of  notion  of  the  space  vehicle  on  phase 
plane  p5+,  satisfying  boundary  conditions  cf  the  problem.  Let  us 
show  that  the  corresponding  construction  of  the  solution  for 
conjugate  variables  pt  (t)  and  p3(r)  in  this  case  is  possible,  and 
consequently,  control  is  actually  optiaua. 


The  solution  for  ccn jugate  variable  p3(r)  is  a linear  function 
of  tiae.  In  this  case  it  is  possible  to  accept  that  p/,0)  - ih\.  then 


9 T o* 

y T M T 


Function  p3(r)  changes  sign  when  r * T/2,  and  at  this  aonent  of  tiae 


control  a,  changes  sign  (Fig.  8,  b). 
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By  assigning  function  p3(r)  theca  is  dcternined  the  position  of 
the  center  of  the  circuwference  pt  (p*)  , in  particular  pt  * -1  with  r 
* 0 and  Pi  = ♦ 1 with  r = T. 

Proa  analysis  of  actual  notion  of  the  space  vehicle  there  is 
known  also  the  tine  of  acticn  of  the  second  and  third  pulses  (Fig.  8, 
d)  , which  confora  to  chapge  of  variable  pt  (r)  on  loop  bed  (Pig.  8, 
a).  With  the  aid  of  relationship  (2.13)  by  known  tine  x,/2  =>  is 
found  the  radius  of  circunference  R for  solution  of  conjugate 
equations.  Having  added  angle  #*,  proportional  to  the  duration  of 
action  of  the  first  and  fourth  pulses,  to  angle  #0,  proportional  to 
the  tine  of  action  of  the  second  and  third  pulse,  we  obtain  the 
initial  position  of  synbolic  point  od  circunference  pt  (p2)  . 

Using  the  results,  obtained  in  section  2,  it  is  easy  to  show 
that  change  of  pt(r)  natches  the  required  change  of  control  0 , and, 
consequently,  opt i nun  control,  satisfying  boundary  conditions  (3.3) 
and  (3.4),  is  found. 

As  angle  of  turn  ?•  increases,  the  tine  of  the  transient 
process  T increases  and  accordingly  the  durations  of  the  second  and 
third  pulses  increase.  Rith  a certain  tine  of  transient  process  T the 
durations  of  the  second  and  third  pulses  arc  naxinun  and  with  further 
growth  of  T start  to  dininish  (Pigs.  9 and  10) . 


- ^ - -»■  ■****'  sir- 


. 
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With  further  increase  of  y,  (growth  of  T)  the  control  is  again 
accomplished  by  four  pulses  (Pig.  12)  . 


Analysis  of  three-pulse  control  (Pig.  13),  satisfying  boundary 
conditions  (3.3)  and  (3.4),  shows  that  although  it  is  realizable,  it 
is  not  optiaua  with  respect  to  guick  action  of  control. 
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This  is  connected  with  the  fact  that  besides  the  development  of 
additional  increase  of  y,  due  to  p,  angular  bank  velocity  is 
developed,  the  compensation  of  which  leads  to  loss  of  the  obtained 
gain  and  Makes  notion  net  optima,  in  all  the  cases  examined  above 
(Figs.  8-12)  the  motion  of  the  space  vehicle  along  angle  0 is 
symmetric,  i.e.  , 


r-*. 


(3«) 


As  a result  the  additional  angular  bank  velocity  on  time 
interval  [0,  T/2  ],  caused  by  slip,  is  compensated  on  tine  interval 


MM 
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(T/2,  T)  by  the  further  developaent  of  p.  Tkanks  to  this  the  tine 
intervals  of  action  of  positive  and  negative  controls  0 T are 
identical. 

For  finding  the  connection  between  the  value  of  f,  and  the 
■iniaun  tine  of  the  transient  process  T let  us  convert  equations 
(3.2).  Let  us  represent  QT  and  y in  the  fcra  cf  the  sua  of  two 
terns: 

QT  = Q„  + ST„r  = r»  + Ti,  (3.7) 

and  variables  fi.f**^.  and  iJTi  we  will  find  froa  equations 

S i.-tf.ri-B,.;  (3-8> 

5y.  =*  Ur,  f«  - St.-  <3  9> 

Frca  equations  (3.8)  it  fellows  that 

r t 

5Tl(r)  = 3;.)Mt.T,(r)-  * (3.10 

• • 

r 

Above,  froa  analysis  of  0(t),  it  was  shown  that  Jjid t =.  0.  Due  to  this 
equation  (3.9)  can  be  solved  separately,  not  considering  the 
equations  (3.8).  As  a result  the  solution  for  r*(T)  is  written  out 
in  the  fora 

i r 

r,(Ty=  +3;  JJ?(T,r)dTdTy-  + Tl.  (3.ii) 

Relation  (3.11)  peraits  finding  the  dapeadeace  of  r«  on  the  tine  of 
the  transient  process  T. 
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Function  p(r,  T)  , entering  the  relation,  depends  on  tine  T, 
since  control  a*  depends  on  this  value. 

Fron  relation  (3.11)  is  easily  deterained  the  boundary  value  of 
bank  angle  r*  , corresponding  to  two-pulse  control  (Fig.  11): 

f,=  4ji*(2  + (4).  (3.12) 

Generally,  if  tine  T is  a nultiple  of  4»,  the  expression  for  f„  is 
written  out  in  the  fore 

f.  = (2n)»**<2  + *),  (3.13) 

where  n - number  of  periods  of  natural  oscillations  with  respect  to  ? 
on  half  the  tine  interval  of  the  transient  process. 


Despite  the  siaple  equations  of  notion,  finding  the  dependence 
?•(?)  is  a rather  cunbersene  operation,  let  us  write  oat  sone 
necessary  relationships.  Frca  analysis  of  the  geonetric  picture  of 
notion  on  phase  plane  (Fig.  1*)  it  is  possible  to  obtain  the 
following  expressions  fer  the  nain  parameters: 


R =»  /5  - (co*f„ 

ulnf 


<P,  =»  «rctg 


"">Vl  . . r-. 


1 — 


2 — co«vi 


V'l  — co*  v, 


(3.14) 

(315) 


where  - angle,  proportional  to  the  tine  cf  action  of  the  first 
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(fourth)  pulse;  **  - angle,  proportional  to  the  tiee  of  action  of  the 
second  (third)  pulse. 


Pig.  14. 


The  tise  of  transient  process  T is  determined  by  fornula 

r=2(<p,  + <f>,).  (3.16) 

On  Pig.  15  is  constructed  the  dependence  and  on  Pig.  16 

- dependence  of  f,/2o;  or  d,,  with  the  aid  of  which  for  each  value  of 
nY*  it  is  possible  to  find  the  value  of  f.(P). 

cicg 


ft.W* 
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Let  us  estiaate  the  value  of  "gain*  in  tiae  (&T),  caused  by 
siaultaneous  control  of  bank  and  yaw,  ia  ccaparison  with  optiaum 
control  only  by  bank.  Tiae  (T0  ♦ At),  required  for  turning  the  space 
vehicle  to  angle  r,  + T,  with  optiaua  isolated  tank  control,  is 
estiaated  by  foranla 

T»  + it  = 2 (r«  + Aiy , (3.17) 

where  Tl  - bank  angle,  caused  by  bank  conticl  with  tiae-optiaun 
aaneuver,  executed  in  tiae  Te;  Ta  - bank  angle,  providing  slip  with 
** Be~opfi* ua  aaneuver;  T0  -tiae  of  execution  of  aaneuver  with 
tiae-optiaua  bank  and  yaw  control. 


Proa  (3.17)  we  obtain  the  nonlinear  dependence  of  tiae  "gain"  on 
the  value  of  T0  and  y4: 

At  = - r,  + VtI  + 2 rt.  (3.18) 
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4.  Optiaun  quick-action  coapensation  of  initial  deviations  of 
the  space  vehicle  with  respect  to  yaw  and  angle  of  attack. 


Let  us  exaaine  the  problea  of  optiaun  quick-action  compensation 
of  deviations  of  the  space  vehicle  with  respect  to  yaw.  As  earlier, 
we  will  analyze  the  equations  of  action 

= (4.i> 

St  “ 3$  + ~Uy,  r'  - aT  (4.2) 

with  boundary  conditions 

Q*(0)  - 0.  &(0)  - ST(0)  =-  f (0)  - 0,  (4.3) 

= 0(D  - 8r  W - r(T)  - 0. 

Proa  equations  of  aotion  (4.1)  and  (4.2)  we  see  that  notion  along 
angle  p can  be  investigated  independently  froa  aotion  along  angle  j. 
Thus,  the  problea  of  coapensation  of  initial  deviation  by  angle  j)  is 
broken  down  into  the  preblea  of  optiaun  control  of  the  vehicle  with 
respect  to  yaw  and  problea  cf  coapensation  cf  the  accuaulated  error 
with  respect  to  bank. 

The  solution  of  the  first  problea  is  known,  it  is  exaained  in  a 


nuaber  of  works,  aoreover,  its  solution  leads  to  synthesis  of  the 
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systen,  realizing  algoritba  of  optiaua  control  [7]. 

The  sonplete  problea  about  optiaua  control  with  respect  to  3*  ani 
f,  evidently,  was  not  exaained  earlier. 

It  is  necessary  also  to  note  that  the  problea  about  optiaua 
quick-action  coapensaticn  of  deviation  with  respect  to  a coincides 
with  the  problea  about  coapensation  of  deviation  with  respect  to  3 
[see  equations  (1.1)  and  (1.2)]  and  its  solution,  as  was  noted  above, 
is  known. 

It  is  easy  to  show  that  the  problea  of  optiaua  coapensation  of  "5 
and  y deviation  aay  not  have  a single  solution.  This  is  connected 
with  the  fact  that  optiaua  control  with  respect  to  (f  does  not  depend 
cn  notion  of  the  space  vehicle  along  anjle  f and  has  its 
"characteristic"  tine  of  transient  process.  At  the  sane  tine,  7 
control  depends  on  the  notion  of  the  vehicle  with  respect  to  yaw. 

When  control  by  bank  is  ineffective  and  the  transient  process  with 
respect  to  y*  is  slower  than  3*,  control  is  unanbiguous.  In  the  case 
when  effectiveness  Uy  is  great,  angle  7 deviation  can  be  coapensatei 
by  different  aethods,  if  the  process  was  terainated  in  tine  assigned 
by  notion  3*  Exaaples  of  the  noted  notions  are  illustrated  in  Pig. 


17 
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Let  us  examine  in  soaewhat  lore  detail  the  case  when  the 
solution  of  the  formulated  problem  is  unambiguous,  naaely:  when 
control  by  y is  ineffective  and  the  process  of  conpensation  of 
disturbances  by  7 from  the  notion  cf  the  space  vehicle  on  yaw 
occupies  sore  tine  than  the  process  of  compensation  of  notion  by  0. 


Analogously  by  relationship  (3.7)  we  represent  the  change  of  y 
consisting  of  two  components:  "forced"  (r»),  caused  by  T disturbance, 
and  "coape nsating"  (y2)  , caused  by  bank  control: 


Tl  “ ^f|l  =»  OyPt 

T»  “ ^T|t  Qy>  “ "»• 

The  solution  for  y is  represented  in  the  fern 


(4.4> 

(4.5> 


f-r»+r.. 


(4.8) 


Sinca  in  tha  examined  case  the  transient  process  with  respect  to 
P is  finished  earlier  tlan  the  process  with  respect  to  t(7'i»<7\).  then 
the  solution  of  equations  (4.4)  can  be  taken  as  initial  conditions 


for  equations  (4.5)  and  they  can  be  written  in  the  fora 
f.  (0)  = a,*  (J  J fadT  - T>  ( $ 4c)  =-  3y(/t  — fyj.  (4.7) 


w 

Xt  (0)  =•  j jhfe  =*  <£ /», 


where  /, 


In  expression  (4.7)  interval  Ij  considers  the  change  of  “ on  tin* 
interval  (0,r»),  caused  by  initial  conditions  on  jt'(0)  (4.8).  Thus, 

the  problaa  is  reduced  to  known  probLea  about  control  of  isolated 
notion  of  a space  vehicle  by  bank.  The  exanple  of  phase  trajectory  is 
illustrated  by  Pig.  18,  a,  on  which  is  shown  change  of  t.(t)  and  ti(t). 
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Pig.  18. 


As  is  known,  optimum  guick-action  control  by  bank  is 
accomplished  by  two  palses  (Fig.  18,  b)  , the  duration  of  which 
differs  by  value  At,  determined  from  tha  condition  of  compensation  of 
initial  angular  velocity  f»'(0): 

2At-ri(0).  At=-^.  (4.8) 

The  total  tine  of  transient  process  with  respect  to  bank  Ty  is 
determined  from  the  condition  of  compensation  cf  total  deviation  with 
respect  to  bank,  caused  by  development  of 

r?  “4|/,  + (Ft  - (4.10) 

The  value  of  rT  is  found  from  relationship 


7\  = 2 [At  + V 2 (At)1  + rj . 


(4.11) 
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